Malic acid derived from fossil resources is currently applied in the food and beverage industries with a medium global production capacity. However, in the transition from a fossil-based to a bio-based economy, biotechnologically produced L-malic acid may become an important platform chemical with many new applications, especially in the field of biopolymers. In this review, currently used petrochemical production routes to DL-malic acid are outlined and insights into possible bio-based alternatives for microbial L-malic acid production are provided. Besides ecological reasons, the possibility to produce enantiopure L-malic acid by microbial fermentation is the biggest advantage over chemical synthesis. State-of-the-art and open challenges concerning production host engineering, substrate choice and downstream processing are addressed. With regard to production hosts, a literature overview is given covering the leading natural production strains of Aspergillus, Ustilago and Aureobasidium, as well as Escherichia coli as the most important engineered recombinant host. The utilization of renewable substrates as an alternative to glucose is emphasized in particular as a key aspect for a competitive bio-based production. Out of the alternative substrates discussed in this review, the industrial side-streams crude glycerol and molasses seem to be most promising for large-scale L-malic acid production.
INTRODUCTION
Malic acid is a C4 dicarboxylic acid with the potential to become an important platform chemical in the post-fossil fuel era. In 2004, the US Department of Energy selected malic acid to be among the 12 most important platform chemicals available from biomass. 1 Being an intermediate of the tricarboxylic acid cycle (TCA), malic acid can be accumulated naturally by various microorganisms and plants. It was thus first identified as a fruit acid by isolation from apples in 1785. 2 Together with citric acid, malic acid belongs to the two most common organic acids in fruits and is the predominant acid in many of them, including apples, bananas, litchis and plums. [3] [4] [5] [6] The present main application of malic acid is in the food and beverage industry in which about 85-90% of the currently produced malic acid is applied. It is used as acidulant and taste enhancer in various products including candies, soft drinks, bakery products and jellies (labelled as E 296), often in combination with citric acid. Malic acid taste is reported to build up slower than that of citric acid and persists longer, a reason for which it also is suited to mask the aftertaste of artificial sweeteners. 7, 8 Malic acid is furthermore used as buffering and chelating agent in personal care and cleaning formulations. 9, 10 Other applications cover the pharmaceutical sector, for example as compound of the migraine drug almotriptan malate, 11 in the semiconductor fabrication as polishing or cleaning formulation compound 12, 13 and as animal feed additive. 14, 15 Further potential applications of malic acid include its utilization as component of low transition temperature mixtures 16, 17 and in the polymer production. Due to its dicarboxylic nature, malic acid is a suitable building block chemical for the synthesis of homo-and heteropolymers. The side-chain carboxylic groups can be functionalized to obtain a large variety of polymers with different hydrophobic/hydrophilic properties. 18 Poly(DL-lactic acid-co-, -malic acid) for example has been shown to be a good composite in nanoparticles for stem cell labelling, 19 whereas malic acid butane-1,4-diol-glycerol co-polyester can be used as an enteric coating material. 20 Homopolymers of malic acid, like poly( , -malic acid), can be obtained by direct polycondensation 21 and feature valuable properties like a high water solubility, biocompatibility and biodegradability. 22 The linear homopolymer poly( -L-malic acid), which is a suitable drug carrier, 22, 23 also can be produced by polymerization of L-malic acid monomers; however, its main route of synthesis, besides its microbial production, is via benzyl -malolactonate obtained from L-aspartic acid as starting material. 18, [24] [25] [26] Examples for malic acid polymers are shown in Fig. 1 .
Data regarding the market volume of malic acid range between 60 000 and 200 000 ton yr -1 , and are predicted to increase in the coming years. [27] [28] [29] Taking into account the production volumes of the leading malic acid producers, a current global production capacity between 80 000 and 100 000 ton yr -1 seems reasonable. The main manufacturers of malic acid include Bartek (Canada), the Japanese companies Fuso Chemical and Mitsubishi Corporation Life Sciences, Isegen (South Africa), Polynt (Italy), Thirumalai Chemicals (India), the Chinese companies Changmao Biochemical Engineering Company, Anhui Sealong Biotechnology and Jinhu Lile Biotechnology Industry, as well as Tate & Lyle (UK) and Yongsan Chemicals (Korea).
As part of a future bio-based economy, malic acid has the potential to replace the commodity chemical maleic anhydride which has a global market volume of 1.5 to 2.0 million ton yr -1 . 30, 31 Maleic anhydride, currently synthesized using fossil-resource derived substrates, features a wide application range. Besides its direct utilization for the fabrication of unsaturated polyester resins, maleic anhydride serves for the production of widely used industrial chemicals including -butyrolactone, 1,4-butanediol, tetrahydrofurane and succinic anhydride. Succinic anhydride, via its hydrated form succinic acid, is used for the production of 2-pyrollidone, N-methyl-2-pyrrolidone or succinonitrile which are applied as solvents and building blocks in the polymer and pharmaceutical industry. Figure 2 illustrates the most important industrial products which could potentially be derived from malic acid as platform chemical.
The first identification of malic acid as microbial product synthesized by Saccharomyces cerevisiae was reported in 1924. 32 Since then, many more microorganisms were discovered as L-malic acid producers, among them species of Aspergillus, Rhizopus and Ustilago being the most promising natural L-malic acid-synthesizing organisms. Despite occurring naturally, commercially available malic acid is produced mainly by chemical synthesis using fossil resources. With an increasing consumer demand for environmentally friendly goods and the depletion of fossil fuels ahead, a shift from chemical to biotechnological production methods is required. Currently, malic acid production based on renewable resources is still not able to compete with well-established, low-priced chemical production methods. However, research in this field is ongoing and especially the utilization of inexpensive industrial side-or waste streams has a promising prospective. Therefore, in this work, biotechnological processes for L-malic acid production are compared and the challenges and perspectives accompanying the utilization of various renewable resources are discussed. water-scrubbing of the residual gas resulting in a maleic acid solution. The maleic acid is then converted to maleic anhydride by thermal dehydration. [37] [38] [39] 41, 42 For DL-malic acid production, usually purified maleic anhydride is used as starting material in commercial processes today. The reaction involves the hydration of maleic anhydride to maleic acid in an aqueous solution, followed by the isomerization of maleic acid to fumaric acid and the final hydration of fumaric acid to malic acid ( Fig. 3 ). For this reaction, elevated temperatures between 160 ∘ C and 220 ∘ C, superatmospheric pressure and reaction times of 3 to 6 h are favored. During the reaction an equilibrium is established, resulting in crude malic acid liquor containing fumaric acid and small amounts of maleic acid. Fumaric acid is separated from the reaction mixture by crystallization after cooling due to its low solubility, and the remaining crude malic acid usually contains between 1 and 3% fumaric and maleic acid each. Pure malic acid is obtained by liquid-liquid extraction, successive crystallization or chromatography. Besides maleic anhydride, maleic acid, fumaric acid and mixtures thereof also can be used for malic acid production. At the moment, these two substances are likewise produced chemically from maleic anhydride and thus from fossil resources. A more economic possibility for malic acid synthesis uses the maleic acid containing scrubbing water from maleic anhydride production. However, the crude maleic acid obtained in this way contains impurities which need to be removed first, for example by activated charcoal treatment. This method is not applied in current large-scale industrial processes to the best of the present authors' knowledge. [43] [44] [45] [46] [47] [48] [49] [50] Enzymatic L-malic acid production The chemical synthesis of malic acid yields racemic DL-malic acid which is applied mainly in food, beverage, personal care and cleaning products. For specific applications such as in the pharmaceutical industry or for polymer production, enantiopure malic acid often is preferred. The utilization of racemic DL-malic acid for polymer synthesis results in an amorphous product whereas using enantiopure substrate yields polymers with a higher degree of crystallinity and therefore higher melting temperatures. 51 Resolution of the chemically produced racemate is expensive and therefore seems not suitable for large-scale applications. Alternatively, enantiopure L-malic acid, which is the physiological form, can be selectively produced enzymatically under milder reaction conditions than applied in the chemical process. It is assumed that enzymatic L-malic acid production also is performed industrially but to a much lower extent than the chemical production method. 29 Enzymatic production of L-malic acid applies the enzyme fumarase which converts the substrate fumaric acid to malic acid through hydration. This is done by using either purified fumarase enzyme, 52, 53 permeabilized or lyophilized cells, [53] [54] [55] [56] [57] [58] or whole cells. Whole-cell catalysis using S. cerevisiae, Brevibacterium flavus, Brevibacterium ammoniagenes or Rhizopus oryzae seems to be the most widely used method, reaching conversion rates between 80% and ≈100%. [59] [60] [61] [62] [63] The cells are preferably immobilized in suitable materials such as polyacrylamide, alginate or carrageenan to make the process more economic by allowing for catalyst reutilization. The substrate fumaric acid applied in this enzymatic method is produced exclusively by the isomerization of petroleum-derived maleic acid today. 30 Fermentation processes for microbial fumaric acid production using Rhizopus spp. were established in the 1940s but have been replaced by the more economic chemical process over time. 64, 65 Therefore, instead of producing L-malic acid enzymatically from fumaric acid, the direct biotechnological synthesis of L-malic acid is a more promising alternative.
MICROBIAL MALIC ACID PRODUCTION
Compared to the chemical process, microbial malic acid production offers two main advantages. First, only the enantiopure L-form of malic acid is produced, and second, microbial fermentations can employ various microorganisms and, more importantly, a large range of renewable substrates. This makes the process much more versatile and independent from fossil resources.
Pathways for microbial L-malic acid production
So far, three possible intracellular pathways for malic acid production in microorganisms have been identified: the oxidative TCA, the reductive TCA (rTCA) and the glyoxylate pathway ( Fig. 4 ).
In the oxidative TCA, acetyl-CoA condenses with oxaloacetate to form one molecule of citrate in the mitochondrion. The citrate is then further oxidized to L-malate in multiple enzymatic reaction steps accompanied by the release of two molecules of CO 2 . Due to the CO 2 losses, the maximum molar yield of this pathway is restricted to 1 mol mol -1 . In some Aspergillus species there are several isoforms of TCA enzymes located either in the cytosol or the mitochondria, [66] [67] [68] indicating the presence of an additional cytosolic L-malate production route. This cytosolic pathway is called reductive TCA and starts with the carboxylation of pyruvate to oxaloacetate catalyzed by pyruvate carboxylase (pyc) and the subsequent conversion of oxaloacetate to L-malate by malate dehydrogenase (mdh). If pyruvate is produced via glycolysis, this nonoxidative pathway is ATP neutral and involves a net fixation of CO 2 , resulting in a maximum theoretical L-malate yield of 2 mol mol -1 glucose. 69 The citrate formed in the oxidative TCA also can serve as an intermediate for the third malic acid production route, the glyoxylate pathway. During this metabolic route, citrate is converted to succinate and glyoxylate followed by condensation of the latter one with acetyl CoA to form L-malate. As the acetyl-CoA synthesis from pyruvate is accompanied by a CO 2 release, the maximum molar L-malate yield for the glyoxylate pathway is limited to 1 mol mol -1 . However, when the oxaloacetate consumed in the oxidative TCA is replenished by the carboxylation of pyruvate, the maximum yield for this noncyclic version of the glyoxylate cycle is enhanced to 1.33 mol mol -1 .
Natural L-malic acid producers
The first patent dealing with the microbial production of L-malic acid was filed in 1962 and identified Aspergillus flavus as the most promising strain among the genus Aspergillus because it formed ≤58.4 g L -1 after nine days of shake flask cultivation, corresponding to a molar yield of 0.79 mol mol −1 (glucose) and a productivity of 0.27 g L -1 h -1 . 70 Almost 30 years later, its wileyonlinelibrary.com/jctb outstanding natural L-malic acid production potential could even be enhanced by process optimization using a mineral salt medium containing glucose, a limiting amount of N and high concentrations of CaCO 3 for pH regulation and CO 2 supply. The implementation of the optimized conditions resulted in an almost total conversion of 120 g L -1 glucose to 113 g L -1 malic acid with an overall productivity of 0.59 g L -1 h -1 after 190 h of cultivation in a 16-L fermenter. 71 However, A. flavus was found to be an aflatoxin producer in the 1960s 72, 73 and has no longer been applicable for food-related malic acid production. Consequently, alternative production strains needed to be identified. Among those Aspergillus oryzae seemed to be the most promising candidate as it lacks aflatoxin biosynthesis 74 while showing a high degree of genetic sequence similarity to A. flavus. 75 The comparable L-malic acid production potential of A. oryzae indicated in the first patent 70 would actually be confirmed by Knuf et al. in 2013, when a maximum molar L-malate yield of 1.08 mol mol -1 was reached after 48 h of batch cultivation in 2-L reactors using the strain NRRL3488. 76 Another A. oryzae wild-type strain (DSMZ1863) was evaluated for its natural L-malic acid production potential in 1.5-L small-scale bioreactor batch cultivations. After 168 h of cultivation, the strain had utilized 62.5% of the 120 g L -1 glucose provided for the production of 43.5 g L -1 L-malic acid, resulting in a molar yield of 0.85 mol mol -1 . 77, 78 Besides the Aspergilli there are even more representatives of the fungal kingdom suitable for an efficient natural L-malic acid production, such as Ustilago trichophora TZ1 with which a L-malate titre of 195 ± 15 g L -1 within 264 h of CaCO 3 -buffered fed-batch cultivation on glycerol was reached 78, 79 or a Rhizopus delemar isolate that was recently exploited for the bioconversion of corn straw hydrolyte to L-malic acid. 80
Genetically modified fungal L-malic acid producers
Besides the development of cultivation strategies, (genetic) strain optimization also might be a promising strategy to improve microbial production potential by channelling the intracellular C flux to L-malic acid synthesis. The conventional method to generate highly productive strains is natural strain evolution. This can be achieved by exposure of the organisms to mutagens including UV light, radiation or mutagenic chemicals as has been performed already for A. oryzae and R. delemar. 80, 81 With the application of a 13 C NMR analysis to A. flavus, the group of Peleg et al. found evidence that L-malic acid is produced mainly via the rTCA in the cytosol and therefore paved the way for targeted genetic modification towards efficient L-malic acid production. The subsequent overexpression of rTCA genes such as malate dehydrogenase mdh2 in the yeast S. cerevisiae resulted in a 3.7-fold increase of L-malic acid titre to 11.8 g L -1 after 32 h of cultivation. 82 In addition to the high-level expression of the pyruvate carboxylase pyc2 and the cytosolically relocated malate dehydrogenase mdh3, the impact of the malate export on an efficient malate production was evaluated by introducing the Schizosaccharomyces pombe malate transporter gene SpMAE1 into S. cerevisiae. With the simultaneous expression of all the genes, a final concentration of 59 g L -1 L-malic acid was reached after two weeks of CaCO 3 -buffered shake flask cultivation using 189 g L -1 glucose and urea as sole N-source, which corresponds to an overall malate yield on glucose of 0.42 mol mol -1 and a productivity of 0.18 g L -1 h -1 . 69 The important role of the L-malic acid transport was further confirmed as the overexpression of the A. oryzae SpMAE1 homologue C4T318 in the strain NRRL 3488 resulted in a greater than two-fold increase in L-malate production rate, whereas additional overexpression of the two rTCA genes pyc and mdh3 resulted in a 27% increase. 83 With the simultaneous overexpression of all three genes, a L-malic acid concentration of 154 g L -1 after 164 h of CaCO 3 -buffered continuous cultivation on medium containing an initial glucose concentration of 160 g L -1 was obtained, resulting in an overall L-malic acid production rate of 0.94 g L -1 h -1 and a molar yield of 1.38 mol mol -1 . 83 Therefore, latest genetic modification approaches for the enhancement of L-malic acid production in yeasts and fungi mostly comprise the overexpression of both rTCA and transporter genes. For example, besides increasing the native pyc and mdh expression levels, the group of Liu et al. performed a simultaneous overexpression of the C4T318 and the yeast mae1 gene in A. oryzae NRRL 3488, whereas Zambanini et al. identified two L-malic acid transporter genes for U. trichophora. 84, 85 Genetically modified bacterial L-malic acid producers Among the bacterial species Escherichia coli has most commonly been used for L-malic acid production, although by contrast to yeasts and fungi this organism is not characterized by a notable natural production potential. Hence, the redirection of the intracellular C flux towards L-malic acid synthesis by complex and elaborate genetic engineering approaches is requisite. These approaches include the adaptation of the gene expression level of native L-malic acid synthesis genes as it was performed recently using multiplexed CRISPR interference to adjust the expression of glyoxylate pathway genes in the E. coli strain B0013-44 towards a more efficient L-malic acid synthesis. The resulting strain reached a final L-malate titre of 36 g L -1 with a yield of 0.74 mol mol -1 glucose and a productivity of 0.6 g L -1 h -1 in a 3.6-L fed-batch culture.
For an efficient redirection of the C flux, it is necessary not only to increase the L-malic acid synthesis, but also to suppress its conversion to other intracellular metabolites. Hence, the group of Zhang et al. generated a strain that was inactivated in its fumarate reductase frdBC and both malic enzyme genes which catalyze the conversion of L-malate to fumarate and pyruvate, respectively. In a two-stage process, consisting of an aerobic cell growth and an anaerobic L-malate production phase, the resulting strain produced a L-malate titre of 34 g L -1 with a molar yield of 1.42 mol mol -1 and a productivity of 0.47 g L -1 h -1 . 86 For their genetic modifications the group used a strain that was previously deleted in its acetate, 87 lactate and ethanol production pathways as the accumulation of these side-products might hamper L-malic acid synthesis. 86 Hence, the elimination of these unwanted side-product pathways is a promising strategy to direct the C flux to L-malic acid synthesis. The group of Moon et al., for instance, used a strain deleted in its phosphate acetyltransferase (pta) gene to prevent undesired acetate formation and inserted a phosphoenolpyruvate (PEP) carboxykinase gene from Mannheimia succiniciproducens. 88 This enzyme preferably catalyzes the conversion of PEP to oxaloacetate as the first step of bacterial L-malate synthesis and is an example for another strategy to overcome the low natural L-malic acid production in E. coli. This strategy involves the introduction of genes or even whole metabolic pathways from foreign organisms as it was pursued by the group of Dong et al., who constructed a one-step L-malate synthesis pathway in the E. coli strain W3110 by the introduction of a mutated malic enzyme from Arabidopsis thaliana which preferably catalyzes the direct conversion of pyruvate to L-malate. The applied strain was a multi-deletion strain deficient in by-product formation and additional deletions of the natural fumarate reductase (frdBC) and fumarases (fumB and fumAC) were performed to prevent a conversion of the produced L-malate to fumarate and succinate. 89 This work shows that in many cases more than one strategy is necessary to achieve an efficient L-malate production and gives a small glimpse of the complexity of genetic engineering approaches. A more detailed description of the current advance in the field of genetic engineering regarding L-malic acid production can be found in the review of Dai et al. as this is beyond the scope of this review. 90
Microbial production of polymalic acid (PMA)
Not only monomeric L-malic acid but also PMA can be produced biotechnologically using microbes. This was first discovered for Penicillium cyclopium by Shimada et al. in 1969. 91 Today, microbial PMA production is based mainly on the utilization of the black yeast Aureobasidium pullulans which was identified as PMA producer by Nagata 0.4 g g -1 on glucose. 92 Since then a lot of research has been done all focusing on A. pullulans as the most efficient producer, but using a large variety of C-sources including renewable substrates such as soy and sugar cane molasses, [93] [94] [95] sweet potato 96 and Jerusalem artichoke, 97 as well as different waste materials. 94, 98, 99 In addition, different process operation modes were implemented reaching from standard batch and repeated batch cultivations either performed in shake flasks or bioreactors to fed-batch, fibrous bed or solid-state fermentations. 100 Given the variety of substrates and operation modes, comparison of the results is difficult. It can, however, be summarized that the highest PMA titre reached so far is 123.7 g L -1 , 101 whereas 0.87 g g -1102 and 1.3 g L -1 h -1103 are the maximum mass yield and productivity. Comparing these values to the results obtained at its discovery in the 1940s makes clear the remarkable improvement in microbial PMA production over time. By contrast to monomeric L-malic acid production, the increase was achieved mainly by process optimization rather than genetic engineering, indicating that both factors are of similar importance. To enhance PMA production even further, future research could therefore focus on additional genetic modification of the main production strain A. pullulans.
ALTERNATIVE SUBSTRATES FOR MICROBIAL L-MALIC ACID PRODUCTION
The chemical malic acid production process, mainly being based on n-butane, features a limited raw material flexibility. By contrast, microbial production methods can make use of a large variety of different renewable substrates. In spite of that, the shift from chemical to biotechnological malic acid production is feasible only if microbial L-malic acid is produced within a similar price range as chemically synthesized DL-malic acid which is currently sold for around US$1.75 kg -1 . 94 The most commonly researched substrate for microbial L-malic acid production is glucose. Because glucose is an edible sugar, its production takes up valuable cropland and with a market price of about US$0.39 kg -1 it is a rather expensive substrate. 104 Therefore, glucose is not a suitable substrate for microbial production methods which aim to replace large-scale chemical processes. One possibility towards low-cost microbial L-malic acid production is the utilization of cheap industrial waste or by-products, or lignocellulose-derived materials. With these substrates, L-malic acid is synthesized either directly by microorganisms or via the microbial production of PMA which can be easily transformed to the monomeric form by acid hydrolysis. The alternative raw materials studied for microbial L-malic and PMA production listed in Table 1 include waste and nonwaste substrates. Miscanthus, beech wood, sweet potato or Jerusalem artichoke tuber, despite not being waste substrates, are still worthwhile studying owing to their low-maintenance growth conditions. Miscanthus, a promising energy crop, Jerusalem artichoke and sweet potato are robust species that can be cultivated on barren, poor-quality soil that is not ideal for the production of many food crops. 96, 97, 113 Out of the three mentioned substrates, Jerusalem artichoke tuber hydrolysate yielded the highest L-malic acid titre of 131.5 g L -1 , corresponding to a yield of 0.74 g g -1 in a 5-L fed-batch process. 97 Comparing the nonfood lignocellulosic substrates, the highest malic acid yields were obtained with beech wood hydrolysate (0.97 g g -1 ) 107 and corn straw hydrolysate (0.96 g g -1 ). 80 Using corn straw hydrolysate, also one of the highest titres of 120.5 g L -1 L-malic acid obtained with alternative substrates was reported. Furthermore, the highest productivity of 2.0 g L -1 h -1 ever obtained for L-malic acid production also was reached with corn straw hydrolysate. 80 In comparison to this, the highest values when using glucose as C source range between malic acid concentrations of 66.3-154 g L -1 , yields of 0.68-1.11 g g -1 and productivities of 0.86-1.38 g L -1 h -1 , all obtained with genetically modified A. oryzae. 83, 84, 114 Despite yielding high L-malic acid titres and productivities, the utilization of lignocellulosic hydrolysates as C source, however, features a major disadvantage: the biomass first needs to be pretreated to obtain the hydrolysate. Lignocellulose, the most abundant renewable resource on earth, consists of an intertwined network of the polymers cellulose, hemicellulose and lignin. This complex structure renders a pretreatment prerequisite which often consists of a mechanical method for size reduction of the biomass, followed by physical or chemical procedures such as steam explosion, acid hydrolysis or the organosolv process. Finally, an enzymatic treatment is required to make the pentoses and hexoses accessible for fermentation. This enzymatic pretreatment is usually the main contributor to the overall pretreatment expense. With corn straw prices ranging between US$30 and US$75 ton -1 , 115, 116 this substrate is considerably more cost-effective than refined glucose which amounts to about US$354 ton -1 . However, pretreatment costs still have to be taken into account. In the case of corn straw processing as part of an ethanol production plant, the enzyme and pretreatment expenses amount to ≈80% of the substrate cost according to a report provided by the National Renewable Energy Laboratory. 115 By contrast to dry biomass resources like corn straw, side or waste streams originating from the processing of lignocellulosic biomass such as molasses or thin stillage can either be used directly or with minimal pretreatment requirements. Thin stillage, mainly containing glycerol and residual (poly-)saccharides, is a major by-product of the dry-milling process for ethanol production. The amount of thin stillage produced during dry-milling can amount to volumes 15-fold higher than the produced volume of ethanol, making it a low-cost waste substrate. 117, 118 With thin stillage, the highest malic acid concentration reached was 16.9 g L -1 with a yield of 0.79 g g -1 . 109, 110 These results were obtained with a small-scale batch process performed in 125-mL shake flasks, possibly having the potential to obtain higher L-malic acid concentrations in the controlled environment of a bioreactor. Higher L-malic acid titres were achieved with molasses, a by-product from the sugar industry containing mainly sugars, proteins, trace elements and vitamins. The worldwide molasses production is about 50 million ton, making it a readily available substrate. 119 Owing to the presence of proteins in the molasses, fermentations can be run without addition of extra N sources, cutting the process costs. 94 Using molasses, L-malic acid concentrations in the range of 71.9 to 109.7 g L -1 and yields between 0.28 and 0.69 g g -1 in 5-L bioreactor fermentations were obtained. [93] [94] [95] The price for molasses amounts to about US$36 ton -1 , making it a lower-cost resource than corn stover as pretreatment is not required. 120 Another waste stream which also has been successfully used for L-malic acid production without pretreatment is waste xylose mother liquors (WXML) originating from the production of xylitol based on lignocellulosic feedstock. Using WXML, a L-malic acid concentration of ≈66 g L -1 and a yield of 0.77 g L -1 were reported, making the process competitive with processes based on glucose. 112 Crude glycerol is a further waste stream readily available in large quantities which can be used for L-malic acid production without pretreatment. In biodiesel production, crude glycerol represents wileyonlinelibrary.com/jctb a Conversion of PMA concentration to L-malic acid concentration: [malic acid] (g L -1 ) = ([PMA] (g L -1 ))/0.87. b Yield was calculated based on L-malic acid concentration. c Productivity was calculated based on L-malic acid concentration and relates to the overall productivity. d In the present authors' opinion, the yield of 0.18 g g -1 as indicated in the publication is too low; from the data available the yield is estimated at ≈0.6 g g -1 . e AFBB, aerobic fibrous-bed bioreactor.
wileyonlinelibrary.com/jctb the main side-product and amounts to about 10% (w/w) of the produced amount of biodiesel. 121 Due to the impurities including methanol, soaps, fatty acids, fatty acid methyl esters and inorganic salts, crude glycerol is not suited for processes requiring high purity raw materials. 122 With an increasing worldwide production of biodiesel, the market for crude glycerol is oversaturated, making it a low-cost raw material. 121 The price of crude glycerol from biodiesel production was reported to be around US$44 ton -1 . 123 With crude glycerol as feedstock, L-malic acid titres between 16.5 and 118 g L -1 and yields between 0.17 and 0.26 g g -1 were obtained. Comparing these results with experiments using pure glycerol, as listed in Table 1 , demonstrates that reaching even higher malic acid concentrations is possible. The highest ever reported L-malic acid concentration of 195 g L -1 was obtained with pure glycerol as substrate within a process showing a high productivity of 0.74 g L -1 h -1 . 78 Despite having many advantages, substrates of lignocellulosic origin and industrial waste streams are often challenging to use in fermentations. These challenges include the presence of impurities, the heterogeneous nature of the feedstock and the raw material availability. Impurities such as 5-hydroxymethylfurfural (HMF), often present in lignocellulosic hydrolysates, 107 or high salt concentrations and methanol, common impurities of crude glycerol, 122 can be toxic to microorganisms and inhibit growth and product formation. To address this challenge, the production strains can be adapted either through targeted metabolic engineering, mutagenesis or adaptive laboratory evolution. In the case of crude glycerol, for example, a successful adaptation for A. niger was performed, resulting in a strain featuring a higher productivity on crude glycerol than on pure glycerol. 124 Another possible challenge is the heterogeneous nature of the feedstock. for example, both the glycerol content of crude glycerol and the concentration of the impurities can range between ≈20% and ≈100%. 125, 126 This is attributed to the variation in feedstocks from which the biodiesel is obtained, the culture conditions and the environmental conditions during feedstock growth. Furthermore, it also is important to consider the local feedstock availability. With biomass-derived substrates, transportation prices strongly influence product costs; especially for low-cost substrates, transportation over long distances can enhance feedstock prices to a high degree. For the portage of wood chips in the Midwest United States, costs for a transport distance of 400 km are estimated at US$30 ton -1 but only about US$7 ton -1 for a distance of 100 km. 127 This illustrates that for cheap lignocellulosic and waste substrates, long-haul distances can lead to resource price multiplications. Hence, for the microbial production of L-malic acid based on low-cost substrates, the distance between the location where the feedstock is produced and the L-malic acid plant needs to be kept to a minimum.
Considering these aspects, the ideal substrate for L-malic acid production would be an inexpensive waste stream based on renewable resources which (i) can be obtained in a relatively high purity, making pretreatment simple or even unnecessary, and (ii) is generated in high quantities at various locations, allowing for L-malic acid production sites in proximity to the sites of raw material generation. Among the substrates discussed in this section, molasses and crude glycerol represent such waste streams because they are readily available and can be used directly without pretreatment. With about US$36 ton -1 for molasses and US$44 ton -1 for crude glycerol, both waste streams cost only about 10% of glucose. Based on the highest yields obtained for the two substrates, the raw material cost required for the production of 94 52 one ton of L-malic acid is shown in Table 2 . Even with lower L-malic acid yields compared to the process using glucose, both crude glycerol and molasses are considerably less expensive substrates.
For the production of one ton of L-malic acid the price for crude glycerol amounts to US$169 and for molasses about US$52. Within an integrated bioeconomy, these two waste streams can even be used directly at the site of their production, making them basically zero-priced. Calculating exact costs for microbial L-malic acid production is challenging due to the lack of an established downstream processing. So far, most of the research on microbial L-malic acid production was focused on the upstream processing, leading to high titres and yields. One strategy for L-malic acid purification employed for small-scale processes is a precipitation with calcium ions, leading to the formation of solid calcium L-malate. This often is achieved by adding CaCO 3 during fermentation, using it as pH adjustment agent at the same time. The formed calcium L-malate then has to be resolved with sulfuric acid, leading to the formation of L-malic acid and gypsum. The main drawback of this method in production-scale processes is the gypsum accumulation. For the production of citric acid, a product synthesized biotechnologically at large scale, precipitation with calcium ions is currently the most widely used recovery method. As a consequence, large amounts of gypsum are produced with only a part of it being further utilized industrially, leading to increased process costs for waste disposal. Although the solubility of calcium citrate is very low (0.96 g L -1 ), the solubility of calcium L-malate is ≈12.2 g L -1 , leading to significant loss in product. 128 Considering the waste generation and product loss associated with calcium L-malate precipitation, this method is not an option for large-scale downstream processes. A possible approach for the downstream processing of L-malic acid could be a reactive extraction using long-chain tertiary amines. The principle of such extractions is mainly based on the ability of amines to form H-bonds with the undissociated dicarboxylic acid if the pH is below the pK a value of the acid, which transfers the hydrophilic acid to the hydrophobic solvent. 129, 130 A suitable solvent for such extractions is isoamyl alcohol which features a high distribution coefficient and can furthermore be produced from renewable resources with microbial or enzymatic processes. [131] [132] [133] In an optimized process, the solvent system can be reutilized to minimize waste generation. A schematic overview of malic acid production based on renewable and fossil resources is given in Fig. 5 .
Despite facing several challenges, microbial L-malic acid production from renewable resources shows great potential to replace the established chemical process in the future. With the variety of natural malic and PMA producers and the toolbox of genetic engineering, microbial L-malic acid production allows for the development of versatile processes which can be adapted to different renewable substrates. 
CONCLUSION
Malic acid is an interesting platform chemical with various already established applications in the food, feed and cosmetics industry. Regarding further potential applications, poly-malate extends the portfolio of novel biodegradable polymers. Although chemical DL-malic acid production processes are well-established and currently cover the majority of malic acid demand, biotechnological processes yielding L-malic acid are still being developed. The major advantage of microbial malic acid synthesis is the resulting enantiopure physiological L-form of the acid. With regard to an increasingly important transition from our mainly fossil-based economy towards a bioeconomy, research has been intensified to enable competitive microbial L-malic acid production in the last few years. A lot of progress has been achieved regarding strain development and media optimization. Hence, published data concerning titres, yields and productivity are getting closer to industrially relevant production hosts. The exploration and evaluation of renewable substrates originating from lignocellulose or bio-based industrial side-streams is one of the key issues in developing competitive L-malic acid production processes. In particular side-streams of already established large-scale industrial processes represent suitable substrates because they are readily available at low cost; in this regard, crude glycerol from biodiesel plants and molasses from sugar refineries seem to be very promising, having the potential to be used without extensive pretreatment. Despite a lot of research being carried out for the upstream processing of biotechnological L-malic acid production, literature about scale-up and downstream processing is still scarce. The downstream processing might be especially challenging due to the high solubility of malic acid and strategies having to be re-evaluated when using unpurified industrial side-streams. A promising approach towards efficient downstream processing could be the application of a reactive extraction step using long-chain tertiary amines and isoamyl alcohol, a solvent which can be produced microbially using renewable resources. Given the already existing market demand, bio-based L-malic acid can be directly incorporated into existing value-chains completely replacing fossil-based DL-malic acid. Therefore, despite all wileyonlinelibrary.com/jctb challenges which still have to be addressed, L-malic acid can become an important platform chemical in a bio-based economy.
